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During protein synthesis, the ribosome simultaneously binds up to
three different transfer RNA (tRNA) molecules. Among the three
tRNA binding sites, the regulatory role of the exit (E) site, where
deacylated tRNA spontaneously dissociates from the translational
complex, has remained elusive. Here we use two donor–quencher
pairs to observe and correlate both the conformation of ribosomes
and tRNAs as well as tRNA occupancy. Our results reveal a partially
rotated state of the ribosome wherein all three tRNA sites are
occupied during translation elongation. The appearance and life-
time of this state depend on the E-site tRNA dissociation kinetics,
which may vary among tRNA species and depends on temperature
and ionic strength. The 3-tRNA partially rotated state is not a
proper substrate for elongation factor G (EF-G), thus inhibiting
translocation until the E-site tRNA dissociates. Our result presents
two parallel kinetic pathways during translation elongation,
underscoring the ability of E-site codons to modulate the dynamics
of protein synthesis.
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Translation is carried out by the ribosome, a massive macro-
molecular machine that coordinates factor compositions and

biochemical reactions through its conformation. During trans-
lation, each amino acid matching a codon is sequentially added
to the nascent peptide through one cycle of elongation. Each
elongation cycle can be further divided into two phases. First,
during decoding, the cognate aminoacyl-tRNA (aa-tRNA) is
selected from the pool of aa-tRNAs to elongate the nascent
peptide. Next, during translocation, the translational complex
moves to the next codon for decoding. Throughout these pro-
cesses, the conformation of the ribosome cycles between two
major intersubunit conformations, the nonrotated and rotated
intersubunit states (also referred to as the classical and hybrid
tRNA states, respectively). These states choreograph ligand
bindings and dissociations at each elongation phase, facilitating
biochemical reactions necessary for translation. Although other
global intersubunit conformations with different degrees of
intersubunit rotation have been observed during translation ini-
tiation (1, 2) and during elongation in the presence of antibiotics
(3), their importance during elongation remains unclear.
A detailed model of translation elongation has been eluci-

dated by prior structural, biochemical, and single-molecule
studies (4–7). Following a cycle of elongation from the start of
decoding, a cognate aminoacyl-tRNA binds to the exposed
mRNA codon in the aminoacyl (A) site of the nonrotated state
ribosome. After successful accommodation of the aminoacylated
3′ end of the tRNA into the peptidyl-transferase center, the
nascent peptide on the tRNA bound to the peptidyl (P) site of
the ribosome is transferred to the A-site tRNA. This chemical
step alters the energy landscape of the translational complex to
allow a 5–7° rotation of the ribosomal subunits with respect to
each other to enter the rotated state (8–12). Coupled with the
intersubunit rotation, the 3′ ends of two tRNAs in the large ri-
bosomal subunit move from the A and P sites to the P and exit
(E) sites, forming A/P and P/E hybrid tRNA binding states. The

resulting rotated hybrid state is a proper substrate for elongation
factor G (EF-G), which binds near the A site and hydrolyzes GTP
to catalyze translocation of the ribosome to the next codon (13). A
successful translocation event moves the A-site and P-site tRNAs
along with the mRNA codons in the small ribosomal subunit to the
P and E sites, resetting the intersubunit conformation of the ribo-
some back to the nonrotated state. The intersubunit rotation during
translocation is coordinated with movements of the L1 stalk, which
makes a direct contact with deacylated tRNA to usher it to the E
site (12, 14, 15). EF-G (16, 17) and the E-site tRNA (12, 18) then
rapidly dissociate in the posttranslocation state.
During elongation, the mechanism and role of E-site tRNA

dissociation have been unclear. The occupancy of the E site has
been suggested to enhance accuracy of decoding allosterically,
possibly through coordinated E-site deacylated tRNA dissocia-
tion and the A-site aa-tRNA binding (19–21). Biochemical
studies, however, have failed to observe such enhancement of the
proofreading efficiency by the presence of the E-site tRNA (18,
22). Further, the allosteric E-site tRNA dissociation mechanism
itself has been tested by two key single-molecule studies. First,
Uemura et al. (23) observed multiple fluorescently-labeled
tRNAs as they bound to an immobilized translational complex.
Second, Chen et al. (24) used a clever single-molecule Förster
resonance energy transfer (smFRET) assay in an alternating
wavelength laser excitation (ALEX) microscope to follow all
three tRNAs binding to the translational complex. By monitoring
tRNA compositions, both studies revealed spontaneous dissoci-
ations of the E-site tRNA during active translation elongation,
uncoupled with the A-site occupancy. However, the presence of
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the E-site tRNA affects the conformational dynamics of the
L1 stalk (14), which may correlate with the global ribosomal
conformational changes (12, 15). Thus, elucidating the role of the
E-site tRNA in modulating ribosomal conformation and elonga-
tion rates is essential to our understanding of translation. The
presence of E-site tRNA must be signaled to the aa-tRNA or EF-
G binding sites, likely via modulating ribosomal conformation, to
affect decoding or translocation dynamics, respectively. The con-
formation of the ribosome is dynamically modulated by both
tRNA occupancy and their aminoacylation status (14, 15, 25). As
such, simultaneously observing conformational changes of the ri-
bosome and tRNA compositions within the translational complex
is a necessary tool to determine the role of the E site.
Here we utilized two donor–quencher pairs to observe two

smFRET signals simultaneously, correlating both conforma-
tional and compositional changes of a translating ribosome. Our
approach leverages the intrinsic redundancy in FRET signals by
replacing an acceptor dye with a nonfluorescent quencher that
has matching optical properties (26–30), which enabled us to
measure multiple smFRET signals simultaneously using common
single-molecule optics and photophysically stable fluorophores.
This labeling strategy can be readily applied in a standard mi-
croscope setup with two optical channels used for smFRET ex-
periments to correlate multiple smFRET signals, without any
instrument modifications needed for the existing methods (31–33).
Using this technique, we monitored the simultaneous presence of
up to three tRNAs within the translational complex, to which we
correlated intersubunit conformations during multiple cycles of
translation elongation. This revealed a partially rotated confor-
mation of the ribosome in the presence of three tRNAs, which
cannot translocate until the E-site tRNA dissociates spontane-
ously. The E-site tRNA dissociation kinetics depends on multiple
factors, such as tRNA identity, temperature, and the buffer ionic
strength. Taken together, our data demonstrate that the E-site
tRNAs slow protein synthesis, in a manner that is sensitive to
the cellular condition as well as the E-site codon sequence.

Results
To correlate two smFRET signals directly, we selected two do-
nor dyes, Cy3 and Cy5, that have the desired photostabilities and
quantum yields and chose two quencher dyes, QSY9 and QSY21,
as the respective energy transfer quenchers based on the
matching of optical spectra (Fig. S1). Using a donor–quencher
pair in place of a donor–acceptor pair, changes in FRET effi-
ciency, and underlying structural changes, are detected by the
intensity of the donor emission alone encoded in a single fluo-
rescence channel. Although such compression strips a re-
dundancy in the FRET signal and leaves it vulnerable to errors
from photophysical artifacts, correlating multiple previously
characterized FRET signals strengthens the validity of observed
signals and enables probing molecular processes from multiple
perspectives. Another restriction arising from the use of donor–
quencher pairs is the possibility of cross-talk (27). This is addressed
by separating two donor–quencher pairs farther than the dynamic
range of FRET (typically 20–80 Å). The large size of the ribosome
mitigates this issue in our case because the two smFRET labeling
pairs within translation complexes are sufficiently distant (>110 Å)
to minimize interactions between the two donor–quencher pairs.
Although the Förster radius (R0) values for Cy3/Cy5 (55.8 Å) (34)
and Cy3/QSY9 (53 ± 13 Å) (27) pairs have been previously
reported to calculate the dynamic range of FRET, an R0 value for
the Cy5/QSY21 pair has never been reported. We utilized double-
stranded DNA as a molecular spacer (27–29) to measure an ap-
proximate R0 value for the Cy5/QSY21 pair (49 ± 9 Å) (Fig. S2),
which is similar to other conventional FRET pairs. These R0 values
are sufficient to report on structural changes occurring within the
ribosome (Table S1).

Using two characterized donor–quencher pairs, we simulta-
neously monitored ribosomal intersubunit conformational
changes and tRNA–tRNA conformational and compositional
changes. To monitor the ribosomal intersubunit rotation, we
placed a Cy5 and QSY21 donor–quencher on the small and large
ribosomal subunits, respectively. Helix 44 of the small ribosomal
subunit (Cy5-30S) and helix 101 of large ribosomal subunits
(QSY21-50S) were labeled by annealing dye-labeled DNA
oligonucleotides to the mutated ribosomal RNA (35, 36). To
monitor the composition and the conformation of tRNAs, we
labeled Lys-tRNALys and Phe-tRNAPhe with Cy3 [Lys-(Cy3)-
tRNALys] and QSY9 [Phe-(QSY9)-tRNAPhe] at acp3U47 of
both tRNAs (37). Our choices of ribosomal labeling sites are
known to be insensitive to spontaneous conformational changes
(such as L1 stalk fluctuations) and have been used to track
productive conformational changes related to decoding and
translocation (9, 36). Dye-labeling of tRNA and ribosomes at
these sites is well tolerated; it has little effect on the kinetics and
dynamics of translation elongation compared with other in vitro
assays (9, 37, 38).
Our in vitro translation experiments were prepared by forming

a 30S preinitiation complex (30S PIC), using a 5′-biotinylated
mRNA, the initiator tRNA (fMet-tRNAfMet), initiation factor 2
(IF2), and Cy5-30S (36). To maximize the number of FRET
events between labeled tRNAs per translating molecule, the
coding region of the mRNA sequence contained six repeats of
phenylalanine–lysine codons followed by a stop codon (Fig. 1C).
High concentrations of fluorescently labeled tRNA in solution
are required to observe multiple translation–elongation cycles
with our labeling scheme. Although this is difficult using con-
ventional total internal reflectance microscopy (TIRFM), which
requires lower concentrations of fluorescent ligands in solution,
our use of a zero-mode waveguide (ZMW)-based microscope
allowed single-fluorophore detection at higher solution background
concentrations than in TIRFM by illuminating a smaller volume
close to the surface (23, 39). After 30S PIC was surface-tethered
within ZMWs, we delivered the required factors to promote
translation elongation, which included Lys-(Cy3)-tRNALys ternary
complex (TC), Phe-(QSY9)-tRNAPhe TC, QSY21-50S, and EF-G
(Fig. 1A), along with GTP and other photostabilizing agents (39).
Before delivery, dye-labeled aminoacyl-tRNA TCs were formed
with the elongation factor-Tu (EF-Tu) and GTP, in the presence of
the elongation factor-Ts (EF-Ts) and a nucleotide regeneration
system for GTP. Using the ZMW-based instrument, processive
translation elongation of up to 12 codons was observed, driven by a
high concentration of Cy3-labeled tRNA (100–150 nM), which
resulted in an elongation rate of one codon per 3 s (Fig. S3).
Upon subunit and factor delivery, we observed an expected

close correlation between the composition and the conformation
of the complex during multiple repeating cycles of elongation
(Fig. 1 B and D and Fig. S4). Following one cycle, we observed
that binding of Lys-(Cy3)-tRNALys to the A site and peptide
bond formation changes the conformation of the ribosome from
the nonrotated state (high-quenched state with low Cy5 intensity;
state i in Fig. 1 B and D) to the rotated state (low-quenched state
with high Cy5 intensity; state ii in Fig. 1 B and D). Transition
from the rotated state back to the nonrotated state upon trans-
location is then followed by E-site tRNA dissociation (state ii′ in
Fig. 1 B and D), marked by an increase of the Cy3 signal due to
the departure of the quencher-labeled (QSY9)-tRNAPhe (state i
in Fig. 1 B and D).
Whereas the donor–quencher smFRET signal for intersubunit

conformation has been validated previously (28), we confirmed
here the proper behavior of the donor–quencher pair for the
tRNA–tRNA FRET signal. We performed control experiments
where unlabeled Phe-tRNAPhe was substituted for Phe-(QSY9)-
tRNAPhe (Fig. 1E) and observed a slight change of Cy3 fluo-
rescence from Lys-(Cy3)-tRNALys as it transits across tRNA
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binding sites, which matches previous observations of dye in-
tensity changes in different ribosomal sites (40). As expected,
changes of the Cy3 fluorescence intensity from Lys-(Cy3)-
tRNALys without the presence of QSY9-labeled tRNA are dis-
tinct from changes observed with the quencher present. We
further tested our tRNA–tRNA FRET signal over the first
elongation cycle, an experimental format consistent with pre-
vious studies (25, 37) (Fig. S5). In this experiment, we observed
rare, correlated ribosome and tRNA–tRNA conformational
changes (Fig. S6). Based on changes of the two FRET efficien-
cies, this transition is likely to be the intermediate tRNA state,
where deacylated tRNA occupies the hybrid P/E site, whereas
aa-tRNA occupies the classical A site (wherein a decrease in
FRET efficiency is due to an increase in Cy3-QSY9 distance or
an increase in Cy3 intensity). This infrequent tRNA movement
(observed at least once in 18% of translating molecules, with a
mean lifetime of 0.5 s) is coupled to a moderate back-rotation of
subunits, similar to conformational changes reported in cryo-EM
structures of back-translocating ribosomes (41). Although the
cause of this unusual tRNA movement and its relevance during
elongation is unclear, we suspect that this may be an artifact that
occurs only during the first elongation cycle due to a short na-
scent dipeptide (42) or incomplete formylation of the initiator
fMet amino acid (25).
Comparing our results from two experiments on actively

elongating complexes, we noticed a subtle delay between trans-
location of the ribosome and E-site tRNA dissociation (Fig. 1D).

We did not observe this tRNA state after translocation in our
control experiment without a quencher labeled tRNA (Fig. 1E).
Thus, the decreased in Cy3 intensity is caused by QSY9 quenching,
rather than fluorescence intensity changes due to the local tRNA
environment. This posttranslocation and E-site occupied state
corresponds to the posttranslocation structure of the ribosome
by the tRNA and ribosome conformation (43), where the P- and
E-site tRNAs are placed closer together after translocation
(higher quenching of Cy3 intensity), and the ribosome confor-
mation transitions back to the nonrotated state (higher quenching
of Cy5 intensity).
The lifetime of the E-site occupied posttranslocation state was

substantially longer with (QSY9)-tRNAPhe than with (Cy3)-
tRNALys in the E site (state ii′ in Fig. 1D). This suggested that
the deacylated tRNA dissociation kinetics from the E site could
be tRNA species dependent and is consistent with previous ob-
servations using unlabeled tRNA (15). We compared E-site
dissociation kinetics among different tRNA species by measuring
the time between translocation, marked by the ribosomal con-
formation transition and Cy3-labeled E-site tRNA departure in
each experiment, without the use of quencher-labeled tRNA.
For a quantitative comparison, we used Cy3-labeled tRNAs to
avoid possible artifacts that may arise when using different
fluorescence dyes that could affect E-site tRNA dissociation
kinetics. At physiological Mg2+ ion concentrations, only one
(tRNAPhe) out of the three tRNA species tested (tRNAPhe,
tRNALys, and tRNAfMet) showed an E-site tRNA dissociation
time substantially longer than the time resolution of the exper-
iment (100 ms) (Table 1). Although high concentrations of Mg2+

and polyamines are known to stabilize tRNA in the E site and
promote the 3-tRNA occupied state (18, 21, 24), we observed
tRNA-specific sensitivities to increasing Mg2+ concentration. At
buffer conditions supplemented with an additional 10 mM Mg2+

ion, the E-site residency time for tRNAPhe increased drastically
(a lifetime of 10.3 ± 2.3 s, n = 129), whereas the other tRNAs
showed modest (a lifetime of 1.8 ± 0.5 s for tRNALys, n = 169) or
minor (a lifetime of 0.4 ± 0.1 s for tRNAfMet, n = 129) increases.
The source of such correlation between tRNA dissociation ki-
netics and tRNA identity is likely due to different molecular
interactions existing within the E site (15). Further, the excep-
tional stability of tRNAPhe in the E site at high Mg2+ concen-
tration (15 mM total Mg2+) matches with previous accounts,
where its residence lifetime has been estimated to be greater
than 22 s (14). These observations suggest that the lifetime of the
3-tRNA occupied state may be determined by the identity of
both A-site and E-site tRNAs and their interaction with the
translation complex in general.
To obtain estimates of activation energies involved in the

E-site tRNA dissociation, we additionally measured the E-site
tRNAPhe residence time over a temperature range from 20 to
35 °C (at 10 mM Mg2+) using the temperature control ability of
our instrument (Fig. S7). At 20 °C, tRNAPhe exhibited a slow
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Fig. 1. Observing the translation–elongation cycle using two donor–
quencher pairs. (A) Schematic of the experiment. QSY9 and QSY21 are in-
dicated by black circles with green and red outlines, respectively; Cy3 and
Cy5 are indicated by green and red stars, respectively; and EF-G is indicated
in dark purple. (B) (Top) Translation–elongation cycle over one codon in the
mRNA: state i is nonrotated state with one QSY9-labeled tRNA in the P site,
state ii is rotated state after accommodation of the Cy3-labeled tRNA, and
state ii′ is nonrotated state after translocation with two tRNAs bound.
(Bottom) Expected sequence of Cy3/Cy5 signals in each state. (C) The coding
region of mRNA construct used in this study. (D) (Left) Representative ex-
perimental trace, with state marked as in B. (Right) Postsynchronized plots
before and after translocation (marked by a black vertical line) (n = 303).
(E) (Left) Representative experimental trace using unlabeled Phe-tRNAPhe,
with state marked as in B. (Right) Postsynchronized plots before and after
translocation (marked by a black vertical line) (n = 176). Each Cy3 and
Cy5 fluorescent intensity has been normalized to the respective unquenched
level in postsynchronized plots. White vertical lines have been added to help
visualization.

Table 1. E-site tRNA dissociation kinetics for different tRNA
species at 20 °C

E-site tRNA
Mg2+

concentration, mM
E-site tRNA

dissociation, s n

Cy3-tRNAPhe 3.5 0.1 ± 0.1 272
Cy3-tRNAPhe 5 0.4 ± 0.1 143
Cy3-tRNAPhe 10 6.8 ± 1.0 212
Cy3-tRNAPhe 15 10.3 ± 2.3 129
Cy3-tRNALys 5 0.1 ± 0.1 166
Cy3-tRNALys 15 1.8 ± 0.5 169
Cy3-tRNAfMet 5 0.1 ± 0.1 103
Cy3-tRNAfMet 15 0.4 ± 0.1 129
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dissociation rate of 7.6 ± 1.0 s (n = 212). The E-site tRNA
residence time precipitously decreased as temperature was in-
creased by 5 °C steps, down to 0.4 ± 0.1 s at 35 °C (n = 158).
From these data, we calculated the activation entropy (TΔS‡ =
70 ± 60 kJ·mol−1 at 20 °C or 293 K) and the activation enthalpy
(ΔH‡ = 140 ± 60 kJ·mol−1) of E-site tRNA dissociation using
Arrhenius plots and the Eyring equation, resulting in a ΔG‡ of
70 ± 80 kJ·mol−1 via the Gibbs–Helmholtz equation. Although
the effect of temperature on E-site tRNA dissociation kinetics
exhibited a clear trend, our fitting introduced a large margin of
error in calculating its thermodynamic parameters. However,
considering that ΔGdiss of a single base pair within an eight-base-
pair–long RNA duplex ranges from 10 to 40 kJ·mol−1 at high salt
concentrations (44, 45), our estimates are consistent with the
expected enthalpic and entropic barriers of a three-base-pair
dissociation from the E site.
The presence of the third tRNA at the E site could potentially

inhibit translation elongation because the dissociation of
deacylated tRNA is necessary for the ribosome to translocate to
the next codon. To test this hypothesis, we repeated our elon-
gation experiments using two donor–quencher pairs in buffer
containing 15 mM Mg2+ to further stabilize tRNA in the E site.
Our two donor–quencher pair method allowed us to observe up
to three tRNAs bound to the ribosome via the Cy3/QSY9 signal
due to the alternating binding of labeled tRNAs, while simulta-
neously monitoring the conformation of the ribosome using the
Cy5/QSY21 signal (Fig. 2A). As expected, we observed a pro-
longed 3-tRNA bound state (40 ± 10 s, n = 94), which could not
translocate while a tRNA occupied the E site (Fig. 2B). The
3-tRNA bound state was mainly seen while tRNAPhe resided in
the E site, where its E-site dissociation lifetimes were much
longer than that of tRNALys and tRNAfMet. The 3-tRNA bound
state exhibited a markedly different ribosome conformation than
both rotated and nonrotated states; we detected an intermediate

quenching between Cy5 and QSY21 compared with those of the
rotated and nonrotated states. This intermediate signal suggests
the existence of a partial rotation of the ribosomal subunits
relative to each other, and we term this conformation the “par-
tially rotated state” (Fig. 2B). At 5 mM Mg2+, and higher tRNA
and EF-G concentrations, we still observed the partially rotated
state, suggesting that the state persists in more physiologically
relevant conditions (Fig. S8).
To test whether the appearance of the partially rotated state is

due to the presence of the bulky quencher moieties on the tRNA,
we performed the same experiments by substituting Phe-(QSY9)-
tRNAPhe and Lys-(Cy3)-tRNALys with Phe-(Cy3)-tRNAPhe and
Lys-tRNALys, and preserving the labeling of the ribosome (Fig.
2C). With this labeling scheme, we also identified the partially
rotated state of the ribosomal subunits when it is simultaneously
bound by three tRNAs. Although this approach did not track the
presence of a P-site tRNA, we inferred its presence by moni-
toring A-site and E-site tRNA bound states. To test whether the
change in intersubunit fluorescence intensity arises from potential
FRET from the tRNA to the labeled ribosomal subunits, we
employed the Cy3B/QSY7 pair (with optical spectra nearly iden-
tical to Cy3/QSY9 pair) to monitor intersubunit conformations
and substituted Phe-(Cy3)-tRNAPhe with Phe-(Cy5)-tRNAPhe.
We again observed the partially rotated state when three tRNAs
are bound to the ribosome (Fig. 2D). Together, the results from
these donor–quencher pair permutation experiments support
the existence of the partially rotated state, excluding the possi-
bility that it is a photophysical artifact from, for example,
interchannel cross-talk.
We considered two possible roles for the partially rotated state

during translation. First, it may be a substrate for EF-G, which
attempts to catalyze translocation and induces E-site tRNA
dissociation. Second, the partially rotated conformation may be
resolved through spontaneous E-site tRNA dissociation under
our experimental conditions. To distinguish between these two
possibilities, we monitored FRET between Cy3-labeled tRNA
and a Cy5-labeled EF-G (Cy5-EF-G) (40, 46) (Fig. 3A). The
distinctively anticorrelated features of the tRNA-EF-G FRET
signal allowed us to monitor specific binding events of EF-G,
while simultaneously monitoring tRNA composition using a
Cy3/QSY9 pair and intersubunit conformation using a Cy5/
QSY21 pair. As expected, EF-G bound to the rotated state, as
marked by a sharp increase in Cy5 intensity and an anti-
correlated decrease of Cy3 intensity due to FRET. These
transient EF-G binding events triggered an intersubunit rota-
tion to the nonrotated state and populated the E site with
deacylated tRNA (Fig. 3 B and C). In contrast, we did not
observe binding of EF-G to the partially rotated state at a time
resolution of 100 ms. Out of 86 instances, we witnessed zero
EF-G binding events, which would have been marked by sharp
increase of Cy5 intensity that were correlated with E-site tRNA
dissociation events. In contrast, 85 ± 4% of the rotated state to
nonrotated state transition events correlated with EF-G bind-
ing, which matched the labeling efficiency of EF-G (83% la-
beled based on optical measurements of Cy5 and protein
concentrations). We therefore conclude that the presence of
the E-site tRNA impedes EF-G–catalyzed translocation, and its
dissociation is independent of EF-G bindings. Our data also
eliminate the possibility that the partially rotated state rapidly
fluctuates between two states because EF-G would have cap-
tured the rotated state leading to translocation upon E-site
tRNA dissociation.

Discussion
We have identified a partially rotated state intermediate of the
ribosome when it is occupied by three tRNAs during translation
elongation. The use of two donor–quencher pairs to simulta-
neously track and correlate tRNA occupancy and ribosomal
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Fig. 2. Partially rotated states observed using different labeling schemes.
(A) Translation–elongation cycle via 3-tRNA state (marked as iii). (B–D) Data
from experiments using different dye labeling schemes. For each panel:
(Left) dye labeling schemes for the expected 3-tRNA state, (Right) a repre-
sentative experimental trace showing a partial rotation of the ribosome on
state iii, and (Bottom) postsynchronized plots for the start and the end of the
3-tRNA state iii. (B) Cy5/QSY21 pair on the ribosome and Cy3/QSY9 pair on
tRNA (n = 94). NR, PR, and R denote nonrotated, partially rotated, and rotated
states, respectively. (C) Cy5/QSY21 pair on the ribosome and Cy3 on tRNA (n =
66). (D) Cy3B/QSY7 pair on the ribosome and Cy5 on tRNA (n = 215).
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conformation was essential in identifying the partially rotated
state, given its transient nature at low Mg2+ concentration and its
subtle difference in the fluorescence signal. Overlaying two
smFRET signal based on donor–quencher pairs with a conven-
tional smFRET between two fluorophores, we successfully
monitored the composition of a single translational complex in
real time with up to six key factors (3-tRNAs, two ribosomal
subunits, and EF-G) as well as their global conformations
(tRNA–tRNA and ribosome intersubunit conformations).
The partial rotation of ribosomal subunits suggests that the

peptidyl transfer reaction has occurred to allow ribosomal
intersubunit rotations (10), yet transition to a fully rotated state
is obstructed by the presence of the E-site tRNA. Our findings
very likely explain why existing ribosome structures containing
three tRNAs are present in the nonrotated state: either deacy-
lated tRNAs are used to form the complex (47) or the peptidyl
transfer reaction has been thwarted by the presence of antibiotics
such as erythromycin (48). The absence of an effect of E-site
tRNA occupancy on A-site tRNA binding and potentially pep-
tidyl transfer observed here agrees with previous reports (18, 22).
The 3-tRNA, partially rotated state is a functionally distinct state
from both the nonrotated and rotated states because it is a
postdecoding complex and not a proper substrate for EF-G.
Although our experiment does not preclude a transient binding
(<100 ms) of EF-G to the partially rotated state, it shows that
EF-G catalyzed translocation does not occur until E-site tRNA
dissociates in a manner independent of EF-G.
As an idling state that is limited by slow tRNA dissociation

kinetics, the E-site occupied partially rotated state may have
different regulatory roles during protein synthesis. For example,
E-site tRNA dissociation may directly sense cellular stress

conditions, such as low temperature or high Mg2+ concentra-
tions, to modulate translation elongation rates. Given that the
average elongation rate ranges from 5 to 20 cycles per second
(49), a bound lifetime of E-site tRNA on the order of 0.1–1 s
in vivo (Table 1) would represent a substantial slowdown of the
protein synthesis. The sensitivity of E-site tRNA dissociation
kinetics to Mg2+ concentration and temperature suggests a role
in extreme conditions, where elongation can be switched be-
tween two tRNA occupancy pathways (24) to result in different
protein synthesis dynamics (Fig. 4). The lengthening of the
partially rotated state at different ionic conditions may add an-
other explanation to the high sensitivity of translocation rate to
the Mg2+ concentration reported by Borg and Ehrenberg (50),
along with the suggested effect of Mg2+ ions in stabilizing the
interaction between ribosomal RNA monitoring bases and the
minor groove of the codon–anticodon helix during translocation.
The partially rotated state may be further controlled by

other translation factors that facilitate E-site tRNA dissocia-
tion. In fact, eukaryotic elongation factor 3 (eEF3), an es-
sential fungal-specific elongation factor, has been proposed to
facilitate departure of E-site tRNA during each round of
elongation (51, 52). A similar role could be performed by its
bacterial homolog, elongation factor 4 (EF4, also referred as
LepA), that binds to the posttranslocation state (53, 54). Al-
though the physiological role of EF4 during translation elon-
gation has been debated in recent reports (55, 56), it has been
shown that EF4 aids cell proliferation under stress conditions,
such as high Mg2+ concentration or low temperature (53, 55),
both of which have been shown here to prolong E-site tRNA
residency time.
In summary, our findings suggest a mechanism by which the

occupancy of the ribosomal E site modulates the ribosomal
conformation and controls translation–elongation dynamics. The
presence of E-site tRNA is manifested in the conformation of
the ribosome, which allosterically limits its ability to translocate
by blocking EF-G binding after a successful decoding. The ap-
pearance of the 3-tRNA bound state depends on the identities of
the codons in the A site and E site, as well as cellular conditions
such as ionic strength and temperature.

Materials and Methods
Reagents and buffers were prepared as previously reported (9, 37) (SI Ma-
terials and Methods). The synthetic biotinylated mRNA was purchased from
GE Dharmacon, and tRNAs were purchased from Sigma–Aldrich and Chem-
ical Block Ltd. and labeled with Cy3, Cy5, or QSY9 as previously described (9,
37). Details on buffer composition as well as specific concentration used can
be found in SI Materials and Methods. Briefly, small and large ribosomal
subunits were annealed with their respective fluorescently labeled DNA ol-
igonucleotide for each experiment. Next, the small subunit was mixed with
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biotinylated mRNA, initiation factor 2, and aminoacylated formyl-methionine
tRNA in the presence of GTP. Formed complex was diluted and incubated in the
zero-mode waveguide chip for immobilizing. The chip was washed to remove
unbound complexes before imaging. At the same time, tRNA ternary complex
was formed by incubating tRNA with EF-Tu•GTP with GTP and delivered to the
chip along with EF-G, large ribosomal subunits in the presence of GTP within
the zero-mode waveguide instrument. Resulting movies were analyzed using

in-house–written MATLAB (MathWorks) scripts, as previously described (39)
(SI Materials and Methods).
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